The Puf family of RNA-binding proteins regulates mRNA translation and decay via interactions with 3 untranslated regions (3 UTRs) of target mRNAs. In yeast, Puf3p binds the 3 UTR of COX17 mRNA and promotes rapid deadenylation and decay. We have investigated the sequences required for Puf3p recruitment to this 3 UTR and have identified two separate binding sites. These sites are specific for Puf3p, as they cannot bind another Puf protein, Puf5p. Both sites use a conserved UGUANAUA sequence, whereas one site contains additional sequences that enhance binding affinity. In vivo, presence of either site partially stimulates COX17 mRNA decay, but full decay regulation requires the presence of both sites. No other sequences outside the 3 UTR are required to mediate this decay regulation. The Puf repeat domain of Puf3p is sufficient not only for in vitro binding to the 3 UTR, but also in vivo stimulation of COX17 mRNA decay. These experiments indicate that the essential residues involved in mRNA decay regulation are wholly contained within this RNA-binding domain. .
INTRODUCTION
Post-trantranscriptional control is essential for proper regulation of gene expression. In particular, regulation of translation and mRNA degradation play important roles in somatic cells, in germline sex determination, and during early development (for reviews, see Gray and Wickens 1998; Guhaniyogi and Brewer 2001) . This control is often mediated by regulatory elements located in the 3Ј untranslated regions (UTRs) of mRNAs (for reviews, see Grzybowska et al. 2001; Mazumder et al. 2003) . Proteins that sequence-specifically bind these regulatory elements can either enhance or inhibit translation and/or decay of the bound mRNAs (for review, see Derrigo et al. 2000) . However, many questions still remain regarding the specific mechanisms by which such RNA-binding proteins regulate mRNA metabolism.
Members of the Puf family of RNA-binding proteins regulate both translation and decay in diverse eukaryotes (for review, see Wickens et al. 2002) . Pumilio from Drosophila melanogaster promotes abdominal segmentation in the early embryo by binding the 3Ј UTR of hunchback mRNA and subsequently repressing its translation (Murata and Wharton 1995) and promoting its deadenylation (Wreden et al. 1997) . Pumilio also represses translation of cyclin B mRNA for regulation of germline stem cell development (Forbes and Lehmann 1998; Asaoka-Taguchi et al. 1999; Parisi and Lin 1999) , and plays a role in anterior patterning (Gamberi et al. 2002) . The FBF proteins of Caenorhabditis elegans promote the sperm/oocyte switch by binding the 3Ј UTR of fem-3 mRNA and repressing its expression (Zhang et al. 1997) , and control germline stem cell maintenance by repressing gld-1 mRNA expression (Crittenden et al. 2002) . In Dictyostelium, PufA inhibits development of fruiting bodies by repressing pkaC mRNA expression (Souza et al. 1999) , and Puf1 is specifically expressed in undifferentiated spores of Saprolegnia parasitica (Andersson and Cerenius 2002) . In Saccharomyces cerevisiae, Puf proteins appear to have a significant role in regulation of mRNA decay. Puf3p binds the 3Ј UTR of COX17 mRNA and promotes its deadenylation and subsequent decay (Olivas and Parker 2000) , whereas Puf5p binds the 3Ј UTR of the HO mRNA and stimulates its decay (Tadauchi et al. 2001) . Regulation of RNA expression by Pumilio and FBF requires recruitment of additional proteins to the RNA (Kraemer et al. 1999; Sonoda and Wharton 1999, 2001) , but Puf protein partners have yet to be identified in unicellular eukaryotes.
The Puf family is characterized by a conserved RNAbinding domain consisting of eight imperfect repeats of a 36-amino-acid sequence plus short flanking regions. Structural analyses of the Puf repeat domain from both Pumilio (Edwards et al. 2001) and human PUM1 (Wang et al. 2001) show that each repeat sequence folds into three ␣-helices, with the repeats aligning to form an extended rainbow shape. A crystal structure of the human PUM1 repeat domain bound to a minimal Drosophila Nanos response element (NRE) sequence revealed a modular binding method, where conserved amino acids within each repeat contact and stack with successive bases along the RNA (Wang et al. 2002) . Sequences within the Pumilio repeat domain are also sufficient for translational repression in vivo (Wharton et al. 1998) .
All Puf proteins studied bind to RNA targets with a conserved UGU sequence, with specificity conferred by flanking sequences. For example, human PUM1 Wang et al. 2002) , murine PUM2 (White et al. 2001) , and Xenopus Pum (Nakahata et al. 2001) proteins bind to sequences containing UGUANAUA, which is also found in box B of the bipartite NRE target of DmPUM (Murata and Wharton 1995) . In contrast, C. elegans FBF binds a target sequence containing UCUUGUGU (Zhang et al. 1997) , whereas yeast Puf5 binds a target sequence containing AGUUGUGU (Tadauchi et al. 2001) , where the underlined nucleotides have been shown to be important for binding.
In the major pathway of mRNA degradation in yeast, transcripts are first deadenylated, which alters the mRNP structure to allow decapping, then the body of the mRNA is exposed for rapid 5Ј-3Ј exonucleolytic degradation (Decker and Parker 1993; Hsu and Stevens 1993; Muhlrad et al. 1994 Muhlrad et al. , 1995 . Different mRNAs can exhibit highly variable rates of deadenylation and decapping, often due to specific 3Ј-UTR elements that modulate these rates (for reviews, see Jacobson and Peltz 1996; Tucker and Parker 2000) . In this work we have identified the 3Ј-UTR sequences that specifically recruit Puf3p to the COX17 mRNA and show that two separate binding sites can individually bind Puf3p. The two sites contain similar but distinct sequences that yield different binding affinities toward Puf3p in vitro. In contrast, each individual site promotes equal stimulation of COX17 mRNA decay in vivo, and both sites are required for wildtype stimulation of deadenylation and decay rates. This indicates that multiple Puf3p signals can combine to increase activity more than individual Puf3p signals alone. We also demonstrate that the repeat domain of Puf3p is sufficient for both binding to the COX17 mRNA and signaling to the decay machinery, supporting a conserved role of the Puf repeat domain as an independent regulator of mRNA metabolism.
RESULTS

The repeat domain of Puf3p is sufficient and specific for binding COX17 mRNA
Our previous work identified yeast COX17 mRNA as a target of Puf protein regulation. We found that Puf3p directly binds the 3Ј UTR of COX17 mRNA and promotes rapid deadenylation and decay of this transcript, whereas deletions of the other four Puf genes in yeast have no effect on COX17 mRNA decay in vivo (Olivas and Parker 2000) . In this work, we wished to determine how the specificity of binding and regulation of COX17 mRNA is attained by Puf3p. First, we wanted to verify that binding of the COX17 3Ј UTR by Puf3p is mediated by its Puf repeat domain, as has been shown in other organisms Zhang et al. 1997) . For this experiment, we assayed binding in vitro using glutathione S-transferase (GST)-tagged proteins purified from Escherichia coli encompassing either the full-length Puf3 sequence or only the Puf3 repeat domain (Puf3RD). These purified proteins were then incubated with in vitro transcribed, uniformly radiolabeled RNA of the COX17 3Ј-UTR sequence (Fig. 1A) or a nonspecific vector RNA sequence. The reactions were UV cross-linked to attach the radiolabel of any bound RNA to the protein, then treated with RNase T 1 to degrade unbound RNA. As shown in Figure 1B , both full-length Puf3 protein and Puf3RD become radiolabeled when incubated with the COX17 3Ј UTR (lanes 6,7) but not with the nonspecific RNA (lanes 1,2). Puf3RD is therefore sufficient for specific binding to COX17 mRNA. The difference in band intensities between the bound Puf3 and Puf3RD lanes reflects different amounts of protein used in the assay, as we had difficulty purifying stable, full-length protein.
We next tested whether other yeast Puf proteins can also bind the COX17 3Ј UTR. Because we have previously shown that deletions of PUF1, PUF2, PUF4, and PUF5 do not affect COX17 mRNA decay (Olivas and Parker 2000) , the simplest model is that only Puf3p is able to bind and subsequently regulate the mRNA. Alternatively, other Puf proteins might also bind to the target sequence, with only Puf3p correctly interacting or signaling to stimulate deadenylation and decay. To test these alternatives, we purified GST-Puf5p and GST-Puf5 repeat domain (Puf5RD) proteins from E. coli and repeated the binding assays with the COX17 3Ј UTR. As shown in Figure 1B , neither Puf5p nor Puf5RD is able to bind the COX17 3Ј-UTR sequence (lanes 8,9) . Our Puf5p and Puf5RD protein preparations were able to bind HO 3Ј-UTR sequences in binding assays, as has been shown previously (Tadauchi et al. 2001) , verifying that our proteins were active (data not shown). Thus, the inability of Puf5p to bind the COX17 3Ј UTR demonstrates that not all Puf proteins can bind to the same target sequence, and suggests that specificity of mRNA regulation can derive from preferential Puf binding.
Puf3p binds to either of two UGU-containing regions of the COX17 3 UTR
The COX17 3Ј UTR contains three UGU triplets, two of which are part of UGUA sequences (shaded boxes in Fig.  1A) . To determine whether one or more of these UGU Jackson et al.
triplets is involved in binding Puf3p, we incubated Puf3p or Puf3RD in vitro with uniformly radiolabeled RNA sequences encompassing different regions of the COX17 3Ј UTR. We created the various RNA sequence regions by hybridizing in vitro transcribed RNA of the complete COX17 3Ј UTR to oligos complementary to Sites A, B, or C, then treated with RNaseH to delete the respective RNA sequences from the 3Ј UTR (Fig. 1A) . The remaining undigested RNA fragments were used in binding reactions as described above.
Interestingly, both Puf3p and Puf3RD are able to bind to the COX17 3Ј-UTR RNA and become radiolabeled even when any single site is deleted (Fig. 1C, lanes 1,4,7) . This binding is specific, because the interactions can be competed with excess unlabeled COX17 3Ј-UTR RNA (Fig. 1C , lanes 2,5,8), but not with excess unlabeled nonspecific vec-tor RNA (lanes 3,6,9) . Because Site A contains one UGUA sequence, whereas Site B contains both a UGUA and a UGU sequence, this demonstrates that no single UGU(A) sequence is absolutely required for Puf3p binding. However, neither Puf3p nor Puf3RD is able to bind RNA that is missing both Sites A and B (Fig. 1C, lane 10) . Together, these results suggest that Puf3p binding requires at least one UGU-containing region, but either one is sufficient.
Puf3p binding requires UGUA as well as specific surrounding sequences
We next wished to verify that the binding of Puf3p to the COX17 3Ј UTR required the UGUA sequences located within each of the two sites, A and B. Therefore, we transcribed and labeled small (29-30 nt) RNAs encompassing the wild-type sequences of either site or mutant sequences in which each UGUA had been changed to ACAC ( Fig. 2A ). After in vitro binding of purified full-length Puf3p to these RNAs, the resulting complexes were analyzed by gel mobility shift experiments. As shown in Figure 2B , Puf3p is able to bind wild-type RNA sequences of both Sites A and B (lanes 3 and 10, respectively). Binding occurs through Puf3p and not simply the GST tag, as there is no binding to ) were UV cross-linked, digested of unbound RNA, and electrophoresed as described in A. Excess unlabeled full-length COX17 3Ј UTR or Vector RNA were used as specific (SC, lanes 2, 5, 8) or nonspecific (NSC, lanes 3, 6, 9) competitors, respectively. ,14) in the presence or absence of 20 µM GST (lanes 2,9) or 0.14 µM 7, [10] [11] [12] 14) were separated on a native polyacrylamide gel. Excess unlabeled full-length COX17 3Ј UTR or Vector RNA were used as specific (SC, lanes 4, 11) or nonspecific (NSC, lanes 5,12) competitors, respectively. Positions of free radiolabeled RNA (Free RNA) and RNA bound to Puf3p (RNA + Puf3p) are indicated.
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www.rnajournal.org GST protein alone (Fig. 2B, lanes 2, 9) . Moreover, interactions with wild-type sequences are specific, as the complexes can be competed with excess unlabeled wild-type COX17 3Ј-UTR RNA (Fig. 2B, lanes 4,11) , but not with excess unlabeled nonspecific vector RNA (Fig. 2B, lanes 5,12) . These minimal RNA sequences are thus sufficient for specific complex formation. In contrast, binding of Puf3p to either mutant sequence lacking UGUA is undetectable (Fig.  2B, lanes 7,14) . Therefore, a UGUA target sequence is required for Puf3p binding to the COX17 3Ј UTR.
Although Puf3p binds specifically to either Site A or Site B in the COX17 3Ј UTR, it is apparent from Figure 2 that Puf3p binds more strongly to Site A than to Site B (cf. lanes 3 and 10). To get an estimate of the affinity of Puf3p for these target sites, we incubated increasing concentrations of protein (45 nM to 1.8 µM) with 200 pM of radiolabeled Site A or Site B RNA, then analyzed the complexes by gel mobility experiments. For these and subsequent binding experiments, we used our purified Puf3RD protein, because we had already shown it was sufficient for specific binding and because it was much easier to purify in a stable and concentrated form than the full-length protein. As shown in Figure 3A , at 0.45 µM concentration of protein added (lane 5), half of the Site A RNA is shifted from free form into a complex, giving an estimated equilibrium dissociation constant (K D ) of 0.45 µM (Fig. 3E ). In contrast, Site B shows a fourfold decrease in binding affinity, with an estimated K D of 1.8 µM ( Fig. 3B ,E). Our K D value for the higher affinity Site A is at least fivefold weaker than that found for a GST-fusion protein of the Drosophila Pum-Homology Domain (DmPUM-HD) binding a 181-nt target RNA (25-100 nM; Zamore et al. 1997) . Part of the reason for this difference in affinity is likely the low specific activity of our protein. By performing a binding experiment using increasing concentrations of RNA with a fixed amount of protein, we found that binding was saturated at a concentration equal to 5%-10% of the total protein concentration (data not shown). This percent of active protein is also consistent with data we obtained from a thermodynamic simulation program, which calculates the fraction of RNA that should be bound to protein at any given [RNA], [active protein], and K D . From this simulation, an [active protein] equal to 5% of our [total protein], and a K D equal to 10% of our experimental K D replicated the fractions of RNA bound in the saturation experiment. Therefore, we estimate that our apparent K D of 0.45 µM is ∼10-fold weaker than the actual K D of Puf3RD with Site A. Another issue that would affect our affinity is the small, 30-nt size of our Site A RNA target. Other studies with the DmPUM-HD have shown a fourfold decrease in affinity to a short 30-nt RNA target versus a 181-nt target, with no change in specificity (Zamore et al. 1999) . Nevertheless, although our determination of Puf3RD binding affinity may be significantly underestimated from in vivo concentrations, the results of our studies comparing the relative affinities of Puf3RD toward Site A and Site B targets remain valid and suggest that different UGUA flanking sequences contribute to the binding energy.
To further examine the importance of individual nucleotides within the UGUA sequence as well as the role of flanking sequences, we tested binding of Puf3RD to a series of mutant target sequences (Fig. 4A ). In our initial experiments to detect differences in binding affinity to these mutants, we used a single 0.45-µM concentration of Puf3RD, the concentration equal to its experimentally determined K D value with the wild-type Site A target. As expected from our analyses with the full-length Puf3p, the Puf3RD was unable to bind the Site A target sequence when the UGUA was mutated to ACAC (Fig. 4B , lane 2 vs. lane 6). The interaction of Puf3RD with the wild-type target is specific, as it cannot be competed with excess unlabeled RNA of the UGUA → ACAC Site A mutant, but can be competed with excess unlabeled wild-type Site A RNA (Fig. 4B , lanes 3 and 4, respectively). We also created mutant RNAs with CGUA, UAUA, and UGUC sequences in place of the wild-type UGUA of Site A (where the bold, underlined nucleotide is mutant). Puf3RD was unable to bind RNA with the UAUA mutation (Fig. 4B, lane 14) , whereas binding to RNAs with the CGUA and UGUC mutations was very weak, with K D values > 1.8 µM (Fig. 4B , lanes 12,16; data not shown). This clearly demonstrates the significant role that each of these nucleotides plays in binding to Puf3RD.
To determine whether specific sequences upstream of and downstream from the UGUA were important for binding, we mutated 5 nt 5Ј of the UGUA, or 4 nt 3Ј of the UGUA (Fig. 4A , Site A 5Ј and 3Ј Mutants, respectively). The 5Ј mutation had no detrimental effect on binding (Fig. 4B , lane 8), but replacing the 3Ј AUAU with CGCG completely inhibited binding (Fig. 4B, lane 10) . A downstream AUA region is also involved in binding human PUM-HD in crystal structures (Wang et al. 2002) , murine PUM2 in RNA selection experiments (White et al. 2001) , and is present downstream from the box B region of the Drosophila NRE (Murata and Wharton 1995 (Fig. 3C,E) . This approximately twofold increase in binding affinity versus the wild-type Site B brings the affinity to within half of that of the wild-type Site A target, thus demonstrating that the uracils flanking the UGUA are important for achieving high affinity binding to Puf3RD. It is possible that only one of the flanking uracils is required. However, the crystal structure (Wang et al. 2002) . Furthermore, an upstream flanking uracil is conserved in several Puf targets, including both boxes of the Drosophila NRE (Murata and Wharton 1995) , the fem-3 PME of C. elegans (Zhang et al. 1997) , and the HO target of yeast Puf5p (Tadauchi et al. 2001) , and a downstream flanking uracil is also found in box B of the Drosophila NRE (Murata and Wharton 1995) . COX17 Site B contains both the conserved UGUANAUA as well as a second downstream UGU sequence (underlined in Fig. 3F ). To test whether this second UGU is required for Puf3RD binding to Site B, we created a mutant in which the second UGU was mutated to UAA (Fig. 3F , Site B 3Ј Mutant). As shown in Figure 3 , D and E, the Site B 3Ј mutant RNA binds to Puf3RD with a K D of 1.6 µM, which is an affinity very similar to wild-type Site B RNA. This suggests that although the second UGU is not required for binding of Puf3RD to Site B, the alteration of the sequence to UAA, which mimics the downstream sequence of Site A, does not significantly enhance binding.
Puf3p regulation of COX17 mRNA in vivo requires both UGUA elements
Our results have established that the COX17 3Ј UTR contains two sites that individually bind Puf3p via a UGUAN AUA sequence in vitro, and additional flanking sequences make Site A a higher affinity target than Site B. To determine whether one or both of these sites are required for Puf3p regulation of COX17 mRNA decay in vivo, we examined the decay of either wild-type or mutant versions of the mRNA in a transcriptional pulse-chase. In this experiment, COX17 is expressed from a plasmid under the control of the regulatable GAL10 promoter, such that transcription of COX17 mRNA is induced by addition of galactose to the growth medium, then rapidly repressed by addition of glucose (Decker and Parker 1993) . This creates a pulse of newly synthesized transcripts whose deadenylation and subsequent decay can be monitored over time. The COX17 gene was mutagenized at Site A, Site B, or both sites by changing the UGUA sequences to ACAC.
As we have reported in previous work (Olivas and Parker 2000) , a pulse of wild-type COX17 transcripts expressed in a wild-type yeast strain are synthesized with a poly(A) tail of 45-60 residues (Fig. 5A, lane 0) . The poly(A) tails then deadenylate heterogeneously, with transcripts reaching a fully deadenylated state within 2-4 min, and all transcripts nearly completely degraded within 6 min. (Fig. 5A ). In contrast, a pulse of wild-type COX17 transcripts expressed in a puf3⌬ strain begin with approximately the same poly(A) tail length of 35-60 residues (Fig. 5D, lane 0) , but then deadenylate at a much slower rate such that transcripts do not become fully deadenylated until 15 min. Moreover, transcripts with short poly(A) tails persist to 40 min, indicative of a role of Puf3p in stimulating terminal deadenylation and/or decapping (Fig. 5D ).
We next analyzed our mutant COX17 mRNAs in the wild-type PUF3 yeast strain. It was predicted that mutation of Site A, with its higher affinity for Puf3RD, might have a larger effect on decay than mutation of Site B. To our surprise, mutation of either Site A or Site B had an equal, yet intermediate effect on decay (Fig. 5B,C) . For each individual mutant, the pulse of COX17 transcripts did not become fully deadenylated until 6 min, and persisted to 10 min. By comparison, decay of COX17 mRNA with both sites mutated (Fig. 5E ) looked identical to the decay of wild-type COX17 mRNA in the puf3⌬ strain (Fig. 5D) , with fully deadenylated species attained only after 15 min, and transcripts with short poly(A) tails persisting to 40 min. It appears that decay of each COX17 single mutant in the first 2 min progresses at a slow rate of deadenylation, similar to that seen in the COX17 double mutant and the puf3⌬. Then, in contrast to the COX17 double mutant and puf3⌬, deadenylation in the single mutants proceeds more rapidly between 2 and 6 min, and there is no buildup of transcripts with short poly(A) tails. This suggests that binding of a single Puf3p to the COX17 3Ј UTR is sufficient to promote rapid terminal deadenylation and/or decapping, but may be less efficient in the initial phase of deadenylation than the binding of two Puf3 proteins.
Together, these results demonstrate that regulation of COX17 mRNA decay by Puf3p requires binding of the protein to the UGUA sequences in the transcript's 3Ј UTR. Moreover, binding of Puf3p to either site alone equally enhances deadenylation and decay of the COX17 transcript versus no Puf3p recruitment to the 3Ј UTR, but full regulation of COX17 decay requires binding to both sites. This is similar to what is seen in Drosophila, where the hunchback mRNA contains two Pumilio binding sites that are both required for full translational repression (Wharton and Struhl 1991; Curtis et al. 1997 ).
The COX17 3 UTR is sufficient for Puf3p regulation
We have shown that Puf3p binds to two UGUA elements in the 3Ј UTR of COX17 in vitro, and both elements are required for Puf3p regulation of mRNA decay in vivo. The simplest interpretation is that these 3Ј-UTR elements are sufficient for directing Puf3p-mediated decay regulation of the COX17 mRNA. However, Puf3p regulation of decay could require additional COX17 sequences outside the 3Ј UTR. To test these models, we examined whether the COX17 3Ј UTR could direct Puf3p decay regulation when attached to another RNA that is not normally regulated by Puf proteins. We replaced the 3Ј UTR of the plasmid-expressed MFA2 gene with the 3Ј UTR of COX17, creating an MFA2/COX17 hybrid construct. The wild-type MFA2 construct and hybrid MFA2/COX17 construct were then transformed into a cox17⌬ strain containing a temperature-sensitive lesion in RNA polymerase II (rpb1-1; Herrick et al. 1990 ) and either wild-type PUF3 or a puf3⌬. A transcriptional shutoff was performed by expressing the MFA2 or MFA2/COX17 mRNAs to steady-state levels under the control of the regulatable GAL upstream activating sequence; then transcription was rapidly repressed by simultaneous addition of glucose and a shift to high temperature. As expected, wild-type MFA2 mRNA is not regulated by Puf3p, decaying with a half-life of 4 min in both the wild-type PUF3 and puf3⌬ strains (Fig. 6) . In contrast, the MFA2/ COX17 mRNA is under the control of Puf3p regulation, decaying with a short half-life of 3 min in the wild-type PUF3 strain, but stabilized approximately sevenfold in the puf3⌬ strain to a half-life of 22 min (Fig. 6) . These half-lives of the MFA2/COX17 hybrid mRNA in the wild-type and puf3⌬ strains are identical to those seen for endogenous COX17 mRNA in the same strains. Therefore, these observations indicate that the COX17 3Ј UTR is sufficient to direct full regulation of decay by Puf3p.
The Puf3 repeat domain is sufficient for COX17 decay regulation
The repeat domains of Puf proteins typically compose less than one-half of the total protein. For example, the repeat domain of Puf3p occupies only one-third of the protein, and the repeat domain of Pumilio occupies only one-fourth of the protein. Yet expression of just the repeat domain of Pumilio is sufficient for nearly complete rescue of Pumilio's activity of translational repression of hunchback mRNA in vivo in a pum deletion background (Wharton et al. 1998) . It is possible that Puf3p is similar to Pumilio in acting solely through its repeat domain, or it may stimulate decay by a different mechanism that requires additional protein sequences outside of its repeat domain. To test these possibilities, we transformed yeast lacking endogenous PUF3 with plasmids expressing either full-length Puf3p or just the Puf3RD. The decay rates of COX17 mRNA in the wild-type, puf3⌬, and transformed puf3⌬ strains were then compared by using the rpb1-1 lesion to shut off transcription following a shift to high temperature. As shown in Figure 7 and in previous work (Olivas and Parker 2000) , COX17 mRNA in wild-type PUF3 cells decays with a half-life of ∼3 min, whereas in the puf3⌬ strain the half-life is dramatically increased to 22 min. In comparison, expression of either the full-length Puf3p or the Puf3RD in the puf3⌬ strain rescues FIGURE 6. The COX17 3Ј UTR is sufficient to promote Puf3p regulation of mRNA decay. Shown are Northern blot analyses of the decay of MFA2 mRNA or the hybrid MFA2/COX17 mRNA expressed from a wild-type (WT) strain or a puf3⌬ strain. Minutes following transcriptional repression are indicated above the set of blots, with the half-lives (t 1/2 ) as determined from multiple experiments.
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www.rnajournal.org the rapid decay of COX17, with half-lives of 9 min and 11 min, respectively (Fig. 7) . It is unclear why even full-length Puf3p does not completely rescue the COX17 decay rate to wild-type levels, but it might be due to the different level of expression achieved from the high-copy 2µm plasmid versus endogenous Puf3p levels. On the plasmid, PUF3 expression is under the control of the high-level, constitutive GPD promoter. Nonetheless, the important finding is that expression of Puf3RD rescues decay of the COX17 mRNA to nearly the same level as full-length Puf3p, indicating that the repeat domain contains the minimal elements necessary for both binding to the mRNA as well as signaling for rapid decay.
DISCUSSION
Two target sequences in the COX17 3 UTR specifically recruit Puf3p for rapid mRNA decay
Puf proteins play important roles in regulating mRNA metabolism in eukaryotes. In yeast, Puf3p promotes deadenylation and degradation of COX17 mRNA. In this report we provide several lines of evidence that the COX17 3Ј UTR contains two distinct binding sites for recruiting Puf3p and accelerating mRNA decay. First, deletion of both sites from the COX17 3Ј UTR abolishes binding of Puf3p in vitro, whereas deletion of either single site retains 3Ј-UTR binding activity (Fig. 1) . Second, short RNAs encompassing either individual site are sufficient for binding Puf3p in vitro (Fig. 2) . Third, mutation of either single site slows deadenylation and decay of the COX17 mRNA in vivo, and mutation of both sites further slows deadenylation and decay to the same extent as a puf3⌬ (Fig. 5 ). Finally, no other regions outside the COX17 3Ј UTR are required for Pufmediated mRNA decay, and attachment of the COX17 3Ј UTR to another mRNA causes decay to occur with the same Puf3p-dependent rates as COX17 mRNA itself (Fig. 6) .
We hypothesize that each binding site within the COX17 3Ј UTR recruits a Puf3 protein, which can individually stimulate decay. The two sites in the COX17 3Ј UTR thus would allow two Puf3 proteins to be recruited for increased stimulation of decay. A similar situation is seen in Drosophila, where the hunchback mRNA contains two NREbinding sequences that are both required for full translational repression, although one site contributes more activity than the other site (Wharton and Struhl 1991; Curtis et al. 1997 ). In addition, a single Puf repeat domain of Pumilio is known to bind a single NRE target sequence (Zamore et al. 1999) . Interestingly, the distance between the two NRE sequences in the hunchback mRNA, 45 nt from center to center, is very similar to the 41 nt between the two COX17 binding sites, although the significance of this distance is unclear. RNA footprinting studies of Pumilio binding the NRE show protection of ∼30 nt over the NRE (Wharton et al. 1998 ), suggesting that two Puf proteins could bind side by side to target sequences located ∼40-45 nt apart. Other studies have shown that the in vitro binding affinity of Pumilio to RNAs containing two NREs is no greater than binding to a single NRE, indicating independent binding to each site (Zamore et al. 1999) , although cooperativity of binding and/or Puf function in vivo is not known. Nonetheless, these results suggest that the mechanism(s) by which Puf proteins both repress translation and promote decay allows for individual Pufs to function independently, or for multiple Pufs to act in combination.
Several proposals have been suggested as to how Puf proteins might function ). In one model, Puf proteins may directly, or through intermediates, interact with the decay machinery to enhance its activity on the target mRNA. Because Puf proteins can repress translation of nonpolyadenylated mRNAs (Chagnovich and Lehmann 2001) , this model would have to include a mechanism for interacting with the translation machinery as well. In a second model, Puf proteins may perturb the mRNP structure, perhaps by disrupting other RNA-binding proteins, so as to produce global changes in the mRNA that would affect both translation and decay. Though there is no direct evidence for either model, it is easier to imagine how multiple Puf proteins bound to an mRNA could combine to disrupt mRNP structure than for multiple Puf proteins to all interact with the decay and translation machinery.
We also provide evidence that the COX17 3Ј-UTR binding sites preferentially bind the Puf3 protein versus another yeast Puf protein, Puf5p (Fig. 1) . This observation supports a model in which the Puf proteins in yeast target different mRNAs through distinct binding specificities of each Puf. The two Puf3p binding sites in COX17 both contain a UGUANAUA sequence, which is also conserved in the binding sites of Pumilio, human PUM1, murine PUM2, and Xenopus Pum. This conservation of binding sequences correlates to the similarity of the amino acid sequences between the repeat domains of these Puf proteins, which all group to the same branch of an unrooted phylogenetic tree . In contrast, the other yeast Pufs fall on other branches of the tree, which suggests that they might indeed have altered target specificities versus Puf3p. Puf5p has already been shown to bind an alternative sequence containing UUGUGU (Tadauchi et al. 2001) . Additional support for this hypothesis comes from a recent microarray analysis that identified mRNAs associated with each of the five yeast Puf proteins (Gerber et al. 2004 ). Specifically, each Puf protein was found to interact with a discrete set of mRNAs, and similar yet distinct conserved sequence motifs were identified in the 3Ј UTRs of the mRNAs targeted by Puf3p, Puf4p, and Puf5p. All the sequence motifs contain UGUR followed by UA located 2, 3, or 4 nt downstream. Because of the similarity in these sequence motifs, it is possible that the yeast Puf proteins could have overlapping target specificities. In fact, 12% of the mRNAs identified in the microarray screen bound to more than one Puf protein. In such cases, functional specificity could still occur through variations in protein partners or signals. Closer examination of the mRNA targets of the five yeast Puf proteins will address these issues in the future.
The UGUA(U/A)AUA binding sequence contained within both COX17-binding sites matches the conserved Puf3p target sequence motif identified in the microarray analysis: (U/C)(A/C/U)UGUA(U/A)AUA (Gerber et al. 2004 ). Yet our results show that the UGUA flanking regions provide additional target specificity. In particular, Puf3p binding to Site A is greater than binding to Site B, in part due to uracil bases flanking the UGUA sequence ( Fig. 3) . Thus, our data indicate a preferred Puf3-binding site of UUGUAUAUA. We also found that nucleotides upstream of this sequence had no effect on binding, including the first (U/C) nucleotide position of the microarray-derived conserved sequence. Surprisingly, both sites appear to be equally important for Puf-mediated regulation of COX17 mRNA decay in vivo (Fig. 5) . These results are opposite to those found in Drosophila, where the two NRE sites of hunchback mRNA have equal in vitro binding affinities (Zamore et al. 1999 ), yet contribute unequally to translational repression (Curtis et al. 1997) . The most likely explanation for these results is that surrounding 3Ј-UTR sequences and/or protein factors influence the functional activity of Puf proteins in vivo. Together, our characterization of the Puf3p binding site will allow us to better evaluate novel mRNA targets of Puf protein binding and regulation.
We have already begun to analyze other mRNAs that contain the consensus Puf3 binding site. Specifically, a search of 500 nt of 3Ј-UTR sequence of all known and hypothetical ORFs identified eight genes in yeast (including COX17) that contain the full UUGUAUAUAUAA sequence, while 142 genes contain the shortened UU GUAUAUA sequence, and 528 genes contain at least UGUAUAUA. Several of these genes were also found in our previous microarray experiment that identified mRNAs differentially expressed in the absence of Puf proteins (Olivas and Parker 2000) . Furthermore, preliminary RNA analyses of several of these candidates show that many are indeed under Puf protein regulation and are currently under study. Thus, Puf proteins appear to be widespread regulators of mRNA metabolism in yeast.
The repeat domain of Puf3 is an independent regulator of mRNA decay
Expression of just the repeat domain of Puf3p rescues rapid COX17 mRNA decay in a puf3⌬ strain (Fig. 7) . Thus, sequences necessary for both mRNA binding and decay regulation are contained within this region. The repeat domain of Pumilio is also sufficient to regulate translation in Drosophila (Wharton et al. 1998) . Pumilio function requires interactions with Nanos and Brat, and their sites of interaction have been mapped to the outer surface of the rainbow-shaped Puf repeat domain (Edwards et al. 2001) . Although no Puf3p interacting partners required for mRNA decay have yet been identified in yeast, our results would argue that any such interactions would also map to the repeat domain, and efforts are underway to study this possibility. Furthermore, the ability of the conserved repeat domain to regulate both translation and decay further supports a model in which the Puf-mediated signal affects both processes through a similar mechanism, such as mRNP rearrangements.
The regions outside the Puf repeat domain have no known function, even though they usually comprise well over half of the total protein. Although these regions may enhance the activity of the repeat domain (Wharton et al. 1998) , the conservation of such large N-terminal regions among Puf proteins suggests that these regions are important for other unknown activities. Systematic screens to identify protein-protein interactions have identified eight candidate Puf3p interactors (Ito et al. 2001; Gavin et al. 2002; Ho et al. 2002) . However, none of these candidates have known functions in mRNA metabolism, none bind directly to the Puf3RD in yeast two-hybrid experiments (data not shown), and deletions of several of the candidates have no effect on COX17 mRNA decay (data not shown). Therefore, if these candidate proteins do function with Puf3p, they may be acting through the N-terminal domain, and may be involved in processes other than mRNA metabolism. Further studies are needed to unveil the roles the Puf N-terminal domains might play. 
MATERIALS AND METHODS
Yeast strains
The genotypes of the S. cerevisiae strains used are given in Table 1 .
Protein expression and purification
The GST-PUF3 fusion construct pWO3 was previously created (pRP1020; Olivas and Parker 2000) in pGEX-6P-1 (Amersham Biosciences). To create the GST-PUF3 Repeat Domain fusion construct, a fragment containing the PUF3 Repeat Domain (amino acids 465-879) was isolated from pWO3 by digesting with XbaI (filled in by Klenow Fragment) and NotI, then inserted into a derivative of pGEX-3X (Amersham Biosciences) to yield pWO12. The GST-PUF5 fusion construct was created by PCR amplifying the complete PUF5 ORF from yWO5 and inserting it into pBluescript (Stratagene) between XmaI and XhoI to yield pWO17. Because PUF5 contains an intron from nucleotides 4-643 of its ORF, we digested pWO17 with ClaI (filled in with Klenow Fragment) and XhoI to isolate the sequence encoding amino acids 15-859 and cloned it into pGEX-6P-3 (Amersham Biosciences) to create the GST-Puf5p expression vector pWO18. To create the GST-PUF5 Repeat Domain fusion construct, pWO17 was digested with EcoRI and HindIII to isolate the sequence encoding amino acids 92-592 and this fragment was ligated into pBluescript, producing pWO19. An EcoRI-SalI fragment of pWO19 was then cloned into pGEX-6P-3 to make the GST-Puf5RD expression vector pWO20. All constructs were verified by sequence analysis. The GST fusion constructs pWO3, pWO12, pWO18, and pWO20 were transformed into the protease-deficient E. coli strain BL-21, and GST fusion proteins were purified as recommended by the manufacturer. Protein eluates were dialyzed into 50 mM Tris-HCL (pH 8.0), and expression products were verified by Western analysis with anti-GST antibodies.
In vitro binding analyses
In vitro transcribed RNA containing the COX17 3Ј-UTR sequence was made from pWO6 (pRP1019; Olivas and Parker 2000) . After digestion of pBS or pWO6 with MseI, RNA was transcribed using T7 RNA polymerase in the presence or absence of ␣-32 P UTP to produce 145-and 147-nt transcripts, respectively. Transcription reactions were treated with DNase I. Radiolabeled transcripts were purified by separation on denaturing polyacrylamide gels, elution from gel slices, and ethanol precipitation. To produce COX17 3Ј-UTR transcripts deleted of Sites A, B, or C, the 147-nt transcript was annealed to complementary oligos oWO8, oWO7, or oWO2, respectively, then cleaved with RNase H prior to gel purification of the remaining RNA (see Fig. 1A ).
Binding reactions with RNA transcribed from pWO6 or pBS included radiolabeled RNA (500,000 cpm) and 1× binding buffer (10 mM HEPES at pH 7.5, 50 mM KCl, 1 mM EDTA, 2 mM DTT, 200 U/ml RNasin, 0.1 mg/ml bovine serum albumin, 0.01% Tween-20, 0.1 mg/ml poly(rU) and 10 µg/ml yeast tRNA) in the presence or absence of GST-Puf3p (0.2 µM), GST-Puf3RD (0.5 µM), GST-Puf5p (0.2 µM), or GST-Puf5RD (0.3 µM), and in the presence or absence of ∼10-fold excess unlabeled transcript in a total of 15 µl. Reactions were incubated for 30 min at 24°C, then subjected to UV cross-linking (energy mode 8000 × 100 µJ/cm 2 ). Cross-linked reactions were treated with 100 U of RNase T 1 for 30 min prior to loading on SDS-7.5% polyacrylamide (29:1 acrylamide:bis-acrylamide) gels. Short RNAs of Sites A and B (29-30 nt) were transcribed from single-stranded oligonucleotide templates containing the 18-nt T7 RNA polymerase promoter annealed to a complementary primer. RNAs were transcribed using the T7-MEGAshortscript kit (Ambion) as recommended by the manufacturer with the following changes: The reaction contained 500 µM each of ATP, CTP, and GTP, 50 µM of UTP, 40 µCi of ␣-32 P UTP (800 Ci/mmole) for labeled reactions, and 20 U RNasin. Radiolabeled transcripts were purified by separation on denaturing polyacrylamide gels, elution from gel slices, and ethanol precipitation. Unlabeled transcripts were purified using a Nucleotide Removal Kit (Qiagen).
Binding reactions with short RNAs included radiolabeled RNA (20,000 cpm) and 1× binding buffer in the presence or absence of GST-Puf3p or GST-Puf3RD, and in the presence or absence of ∼10-fold excess unlabeled transcript in a total of 30 µl. Reactions were incubated for 30 min at 24°C, 5 µg of heparin was added, and reactions incubated for a further 10 min at 24°C, then reactions were electrophoresed on 8% nondenaturing polyacrylamide gels for 2.5 h at 200 V at 4°C. To estimate K D values, the fraction of RNA bound for each gel lane was calculated using the definition Fraction bound = RNA Shifted/(RNA Shifted + Free RNA), where RNA Shifted and Free RNA represent the storage phosphor signals of all shifted complexes or the free RNA species, respectively. Best-fit curves were obtained for the binding data using Kaleidagraph software.
In vivo COX17 mRNA decay analysis
Transcriptional pulse-chase experiments were performed essentially as described (Decker and Parker 1993) on strains yWO50 (wild-type) and yWO51 (puf3⌬). These strains contain the temperature-sensitive rbp1-1 allele for RNA polymerase II and are deleted for the endogenous COX17 gene. Regulated expression of , his4-539, leu2-3,112, trp1-1, ura3-52, cup1 ::LEU2/PM Hatfield et al. 1996, yRP840 yWO7 MAT␣, leu2-3,112, ura3-52, rpb1-1 Olivas and Parker 2000, yRP693 yWO43 MAT␣, his4-539, leu2-3,112, trp1-1, ura3-52, cup1 ::LEU2/PM, rpb1-1, puf3::Neo r Olivas and Parker 2000 yRP1360 yWO50 MATa, his3-1,15, his4-539, leu2-3,112, trp1-1, ura3, rpb1-1, cox17::TRP1 Olivas and Parker 2000, yRP1546 yWO51 MATa , 112, ura3, cox17::TRP1, puf3 ::Neo r Olivas and Parker 2000, yRP1547 
